The expected theoretical energy density of Na 2 CoPO 4 F as a cathode material for sodium ion batteries surpasses 500 Wh kg −1 even if considering only one-electron utilized per formula unit. It is therefore one of the highest energy density cathode materials for sodium-ion batteries. In this work, pure phase Na 2 CoPO 4 F/C nanocomposite was successfully synthesized by a spray-drying and high temperature sintering method. The Na 2 CoPO 4 F/C nanocomposite, when tested vs. sodium metal, delivered a discharge capacity of 107 mAh g −1 with a voltage plateau at 4.3 V.
Since their commercialization in the 1990s, lithium ion batteries have played an important role in modern life due to their wide application in portable electronics, hybrid and electric vehicles, and smart electrical grids. 1 To meet the ever-increasing energy and power density needs of lithium ion batteries, much work has been done on high voltage cathode materials. 2 Materials in the fluorophosphate family, of the form A 2 MPO 4 F (A = Li, Na; M = Fe, Co, Mn, Ni), have been considered as promising new candidates. 3, 4 In parallel with lithium ion batteries, rechargeable sodium ion batteries have also attracted much attention as a new system for energy storage. 5 Recently, many kinds of compounds, ranging from oxides to phosphates, fluorophosphates and pyrophosphates, have been studied as possible cathode materials for sodium ion batteries. [6] [7] [8] [9] Na 2 Fe x Mn 1-x PO 4 F (0 ≤ x ≤ 1) has been reported in previous studies as cathode materials for lithium/sodium ion batteries. [10] [11] [12] [13] Among all the sodium flourophosphates, Na 2 15 with an initial discharge capacity of 100 mAh g −1 and a nearly flat plateau at 4.3 V vs. Na metal. However, elemental cobalt was found in the carbon-modified sample as observed in the synchrotron X-ray diffraction pattern, resulting in an irreversible charge plateau of about 20 mAh g −1 at approximately 3.0 V, even when only 2 wt% ascorbic acid was added.
In the present work, we report on the novel synthesis of Na 2 CoPO 4 F/C nanocomposite by a spray-drying method followed by a high temperature sintering process, using citric acid as the carbon source. A pure phase Na 2 CoPO 4 F/C nanocomposite was successfully prepared for the first time with no elemental cobalt found in the sample. The electrochemical performance of the Na 2 CoPO 4 F/C sample in sodium ion batteries is reported at different cycling rates.
Experimental
The Na 2 CoPO 4 F/carbon composites were synthesized by a spraydrying process followed by a high temperature sintering method. First, * Electrochemical Society Active Member.
z E-mail: yyang@xmu.edu.cn 0.02 mol Co(NO 3 ) 2 .6H 2 O and 0.02 mol citric acid were dissolved in 100 ml deionized water. Next, 0.04 mol NaF and 0.02 mol H 3 PO 4 were added to the solution, followed by continuous stirring at 80
• C for another 16 h. All the chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). The homogeneous solution was then spray dried with a lab spray dryer in order to produce the pink precursor. This obtained solid precursor was finally pressed into pellets and calcined at 600
• C for 6 h under flowing argon. X-ray diffraction measurements were performed on a Rigaku diffractometer (Rigaku Corporation, Japan) with a scanning rate of 10
• /min to confirm the crystalline phase of Na 2 CoPO 4 F/C. Surface morphologies and particle sizes of the sample were observed by a scanning electron microscope (S4800, Hitachi, Japan). The carbon content of the Na 2 CoPO 4 F/C nanocomposites was measured with a Vario EL III elemental analyzer (Elementar Analysen System GmbH, Germany).
Coin-type cells (2032 type), purchased from Lizhiyuan Co., Ltd. (China), were assembled in order to evaluate the electrochemical performance of the Na 2 CoPO 4 F/C material in sodium ion batteries. First, the cathode slurry was prepared by mixing together Na 2 CoPO 4 F/C, acetylene black, and polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10, using N-methyl-2-pyrrolidone (NMP) as the solvent. The as-prepared slurry was then placed on Al foil and dried at 80
• C for 2 h under vacuum. Finally, the coin cells were assembled in an argon-filled glove box. Metallic sodium and glass fiber were used as the negative electrode and the separator, respectively, while the electrolyte was 1 M NaPF 6 in EC/DMC (1:1, v/v) with 2 vol% fluoroethylene carbonate (FEC) as an additive. 16 Electrochemical measurements were conducted on a LAND CT-2001A (Wuhan, China) battery test system.
Results and Discussion
Characterization of Na 2 CoPO 4 F/C.-The carbon content of the Na 2 CoPO 4 F/C powder produced by the spray-drying method was measured to be 4 wt%. Fig. 1a shows the structural analysis of the Na 2 CoPO 4 F from Rietveld refinement. All the diffraction peaks can be completely indexed to the Na 2 CoPO 4 F orthorhombic structure with a Pbcn space group. No distinct peaks for some possible impurities such as metallic cobalt, Na 3 PO 4 and NaF were observed in the XRD results, indicating that a phase-pure Na 2 CoPO 4 F/C sample was successfully prepared. The lattice parameters for Na 2 CoPO 4 F refined with GSAS program are a = 5.2421 Å, b = 13.7771 Å, c = 11.6724 Å, and V = 842.99 Å 3 . The data obtained here is similar to that reported in the literature. 14 Fig . 2 shows the SEM images of both the precursor and the Na 2 CoPO 4 F/C sample. As shown in Fig. 2a , the precursor exhibits a hollow spherical morphology with a diameter of several micrometers after spray-drying, a structure commonly observed for spraydrying powders. It can be seen that after heating at 600
• C for 6 h, the precursor breaks down and agglomerates into secondary particles with a diameter of about 20 micrometers. Under high magnification, this sample exhibits a much narrower particle size distribution with nanosized primary particles. This porous micro-scaled structure composed of nanosized primary particles would significantly increase the contact area between the electrolyte and the electrode and shorten the diffusion path of Na + , leading to a good electrochemical performance. Fig. 3a shows the charge and discharge curves of Na 2 CoPO 4 F/Na half cells in 1 M NaPF 6 /EC+DMC+FEC (49: 49: 2, volume ratio) electrolyte at various rates. The data exhibits a charging plateau at approximately 4.8 V and a discharge plateau at 4.3 V. Since no charge plateau at 3.0 V in the first charging curve is observed, it indicates that no metallic cobalt exists in the spray-drying sample, which is in accordance with the XRD results. Na 2 CoPO 4 F in a Na half cell can deliver a first discharge capacity of 107 mAh g −1 at a current density of 61 mA g −1 , which is slightly larger than that reported in Shinichi Komaba's work (100 mAh g −1 at 2.44 mA g −1 ). 15 The first charge and discharge produced a coulombic efficiency of 56%. This large irreversible capacity may originate from the severe decomposition of the electrolyte at high voltages, while the catalytic effect of the cobalt ion in the electrode possibly contributes to the electrolyte decomposition. The first discharge capacity of the Na 2 CoPO 4 F/Na half cell at 61 mA g −1 is 107 mAh g −1 , which equals 0.88 Na ion reinsertion during the discharging process. When the current densities increase to 122, 244, −1 , the first discharge capacity decreases to 98, 80, 73 and 65 mAh g −1 , respectively, which equals 92%, 75%, 68% and 61% of its discharge capacity at 61 mA g −1 . This excellent rate capability is likely predominately due to the special nanostructure and the presence of carbon that this novel spray-drying method is associated with.
Performance of Na 2 CoPO 4 F/C as cathodes.-
However, Na 2 CoPO 4 F shows a fast capacity fade during cycling. As shown in Fig. 3b , at a current density of 61 mA g −1 , the capacity decreases rapidly from 107 to 40 mAh g −1 in the first 20 cycles. This large and fast capacity fading may result from the structural instability and severe electrolyte decomposition at high voltages. Despite this, among all fluorophosphates used as cathode materials for sodium ion batteries, Na 2 CoPO 4 F shows the highest working voltage, and judging from its electrochemical performance, Na 2 CoPO 4 F may also be a good candidate for high voltage Na-ion batteries.
Conclusions
A Na 2 CoPO 4 F/C composite was successfully synthesized by a spray-drying and high temperature sintering method for the first time. The as-prepared Na 2 CoPO 4 F/C had a pure phase with a Pbcn space group. A successful in-situ carbon modification of Na 2 CoPO 4 F was achieved by the spray-drying method without resulting in any cobalt reduction. The Na 2 CoPO 4 F/C composite exhibited discharge capacities of 107, 98, 80, 73 and 65 mAh g −1 in sodium half cells at current densities of 61, 122, 244, 366 and 610 mA g −1 , respectively. Carbonmodified Na 2 CoPO 4 F may become an attractive cathode material for high power sodium ion batteries owing to its high working voltage and good rate performance.
